INTRODUCTION
Many experiments in a biology laboratory involve visual inspection, such as examining yeast colonies or growth patches on agar plates, or examining live or stained cell samples by microscopy. Acquiring images and analyzing them automatically with image analysis software has several advantages over simple visual inspection. It is less tedious, more objective and quantitative, and, while the set up can be time consuming, the analysis itself is usually much faster for large sample sets.
This unit outlines a protocol for the automated counting and analysis of yeast colonies growing on agar plates; however, the methods described can be adapted to a wide variety of biological "objects" and can be used to measure a wide variety of features for each object. The protocol uses the open-source, freely downloadable software package, CellProfiler. CellProfiler has been cited in more than a thousand papers and validated for a wide variety of biological applications, including yeast colony counting and classification, cell microarray annotation, yeast patch assays, cell-cycle classification, mouse tumor quantification, wound healing assays, and tissue topology measurement, as well as analysis of fluorescence microscopy images for measurement of cell size and morphology, cell-cycle distributions, fluorescence staining levels, and other features of individual cells in images (Carpenter et al., 2006; Lamprecht et al., 2007; Kamentsky et al. 2011) .
NOTE:
In addition to CellProfiler's main "Help" menu, there are many "?" buttons within the software containing more information about how to use CellProfiler. For example, clicking the "?" button below the pipeline panel will show information about the selected module within the pipeline. Additionally, the CellProfiler user manual is available in PDF format (http://www.cellprofiler.org/manuals.shtml), and a user forum is available for posting and reading questions and answers about how to use the software (http://www.cellprofiler.org/forum).
There are several options available as preferences for modifying the appearance of the main CellProfiler window. To change your preferences, click on File > Preferences from the main menu bar.
Materials
Images of yeast plates to be processed Computer with at least 2 GB of RAM and preferably containing multiple processors Decompression software (e.g., WinZip, Stuffit) for unpacking compressed files, if not already included in your operating system CellProfiler software (see step 1; this protocol was written for CellProfiler version 2.1.0) Example images and corresponding CellProfiler pipeline (see step 4) NOTE: Images can be taken with a flatbed scanner or digital camera (Dahle et al., 2004; Memarian et al., 2007) ; see Critical Parameters for guidance. The images can be located within subfolders and need not be in a particular order or follow a particular naming convention. While this example only analyzes one image, it is possible to analyze hundreds of images on a single computer, or hundreds of thousands of images using a computing cluster (see Alternate Protocol). More than 100 file formats are currently readable by CellProfiler, including BMP, GIF, JPG, PNG, TIF, DIB, LSM, and FLEX. See Critical Parameters for more information about acquiring images and image file types.
NOTE:
A 64-bit operating system is strongly recommended. CellProfiler is available for Macintosh, Windows, and Unix/Linux. A complete list of compatible operating systems can be found at http://www.cellprofiler.org/download.shtml. The example image pipeline demonstrated here will be processed in ß1 min per image on a single computer with a 2.9 GHz processor and 4 GB RAM. CellProfiler is optimized to take advantage of multiple computing processors on a single computer, but large image sets (greater than ß500 images) will likely require a computing cluster (see Alternate Protocol). 
Images

You can drag-and-drop as many or as few images as you want to test, and you can drag-and-drop individual image files or entire folders of images. The images need not be named or organized in a particular way in order to use CellProfiler.
13. Describe the yeast plate images using the NamesAndTypes module.
This module is used to assign a user-defined name to particular images or channels, and define their relationship to one another. 14. Specify template image using NamesAndTypes module. 20. Mask the images using the MaskImage module.
In Situ Hybridization and Immunohistochemistry
When there are pairs of images from the same plate (for example, one brightfield and one fluorescence image of the same biological sample), the typical method to denote the image types is to indicate the particular piece of text in the file
The term "masking" refers to using a binary (i.e., black-and-white) 21. Subtract the MaskedCombined image from the MaskedRedPlate image using another ImageMath module to create an image called "SubtractedRed" (Fig. 14.17.2C ). 
example images), you will notice that colonies are inappropriately clumped togetherthis is unfortunately unavoidable due to the poor resolution and the lossy JPG format of these example images.
In this pipeline, IdentifyPrimaryObjects separates the clumped colonies in a two-step process. First, the number of colonies in a clump is identified, and second, CellProfiler decides where to draw the boundaries between the clumped objects. For the first step (identifying the number of colonies in a clump), two commonly used options are "Intensity" and "Shape". "Intensity" tends to work well if the objects are brighter in the center and dimmer at the edges, whereas "Shape" works well when the objects have definite indentations where clumped objects touch each other (especially if the objects are round). Since the yeast colonies are fairly circular, they are therefore best analyzed with the "Shape" option. Once the number of colonies in a clump is identified, CellProfiler
CellProfiler to Identify Biological Objects in Images carries out the second step of deciding where to draw the boundaries between clumped objects. Here, the options include "Distance" and "Intensity", where the "Distance" option draws boundary lines midway between the object centers, and the "Intensity" option draws boundary lines at the dimmest line between objects. Yeast colonies usually do not have dim lines separating them, so the "Distance" option is preferred.
As shown in Figure 14. 23. Use MeasureObjectIntensity to measure the intensity of each colony in the "SubtractedRed" image.
Adjustments should not be necessary, unless you have added more Identify modules to detect other objects in the images, or if you want to measure the intensity of a different color for the colonies. The measurements displayed in the figure window are the average measurements of the colonies, but the individual colony measurements are available for export by using the ExportToSpreadsheet module (step 28).
24. Use MeasureObjectSizeShape to measure morphological features. 29. Add additional modules to adjust your pipeline as needed.
Several features can be measured for each colony. The average measurements for all colonies in the image are displayed in the figure window. The individual colony measurements are available for export by using the ExportToSpreadsheet module (step 28).
Use the ClassifyObjects modules to classify each colony for the desired parameters.
Objects can be classified by any feature that has been measured upstream in the pipeline
There are dozens of optional modules that can be added to customize your pipeline. These include additional image processing steps, saving processed images to the hard drive, making additional types of measurements, defining sub-regions of each colony for analysis, measuring neighbor relationships between colonies, etc. For a detailed
In Situ Hybridization and Immunohistochemistry description and instructions, see the CellProfiler manual. Modules are added, removed, and rearranged in the pipeline using the [+], [-], [ˆ] and [v] buttons below the pipeline.
30. To use CellProfiler's built-in data tools to explore your data after the analysis run, if desired (see step 31), and produce an output file in a compatible format, press the "View output settings" button and select either "HDF5" or "MATLAB" from the Output file format setting. 35. Click the "Analyze images" button to begin the analysis run.
If you feel the processing is not accurate, cancel the pipeline using the "Stop Analysis" button and adjust settings in the pipeline appropriately, using the guidance for each module above, before beginning processing again.
For sets of images too large for a single computer, see Alternate Protocol to run images on a computing cluster.
37. CellProfiler has several data tools for analysis, including tools for plotting histograms and scatter plots. To use the tools after analysis completes, select "Data Tools" from the main menu bar, then select one of the following:
• DisplayHistogram: To display your analyzed data in a histogram, the tool will prompt you to choose the output file (.mat or .h5) from your analysis. Follow the prompts to select the data to be displayed.
• DisplayScatterPlot: To visualize your data as a one-or two-dimensional scatter plot, the DisplayScatterPlot tool will prompt you to choose the output file (.mat or .h5) from your analysis and the features you would like to visualize.
38. To interactively explore CellProfiler-generated data, as well as automate scoring of complex phenotypes (Jones et al., 2008) 
ALTERNATE PROTOCOL
ANALYZING IMAGES ON A COMPUTING CLUSTER
Depending on the number of images and size of the pipeline, it may be necessary to use a computing cluster. While a few hundred image sets can usually be run on a standalone desktop within a few hours, users should consider running larger image sets on a computing cluster in batch mode to speed the processing. CellProfiler can create batch files to run any pipeline on a Linux cluster. 2. Create the batch files for running your analyses on a computing cluster.
a. Add the CreateBatchFiles module (in the "File Processing" category) to the end of the pipeline (using the + button below the pipeline panel) and configure it appropriately, according to Help for the module. b. Add the ExportToDatabase module if your dataset will be large and require analysis in a database environment. It should be added after all other modules in your pipeline, but before the CreateBatchFiles module. c. Click on the "Analyze Images" button. CellProfiler will not analyze all images but instead will produce a file "Batch_data.h5" containing the necessary information for batch processing.
In Situ Hybridization and Immunohistochemistry d. Submit the batches to your cluster for processing using this file. See Help > Other Features > Batch Processing for details.
3. Manage data processed on a computing cluster. 
COMMENTARY Background Information
As research laboratories continue to adopt high-throughput sample preparation and data acquisition, visual inspection of images becomes less desirable. Traditionally, biologists visually inspected images and drew meaningful conclusions, but these conclusions were usually qualitative and, because measuring more than a few metrics was rarely possible, valuable information was often overlooked. Using automated image analysis programs like CellProfiler, visual assays can be scaled up from a few samples to hundreds of thousands of samples. By analyzing the size, shape, texture, and color intensity of every object in each image quantitatively, new types of experiments can be quickly and accurately accomplished. Unlike more user-interactive programs like Adobe Photoshop or ImageJ/Fiji, CellProfiler contains modules designed to be mixed and matched for automated high-throughput image analysis.
Critical Parameters
It is absolutely critical that images be acquired using a uniform protocol that is followed as strictly as any traditional biochemical procedure.
The lighting and image acquisition apparatus (camera or scanner) should be kept as constant as possible throughout the entire sample set, including parameters like exposure time, shutter speed, focus, lighting conditions, and sensitivity.
Air bubbles and noticeable imperfections on the agar plate should be minimized. Large imperfections might be subtracted effectively with the illumination correction steps built into the pipeline, but-depending on the severity of the imperfections-CellProfiler may incorrectly identify imperfections as colonies.
When capturing images to be analyzed by CellProfiler, it is best to use lossless image file formats when possible, such as BMP, GIF, PNG, or TIF. Although JPG images are commonly used for photography, the file compression for JPG files results in artifacts that can hinder accurate image processing and measurement. Thus, even though the example images are JPG files, this format should be avoided when acquiring experimental images. If the JPG format must be used, be sure to set the quality to maximum. For further information, see Internet Resources. More tips on image acquisition have been published (Pearson, 2007) .
When you are designing your plate template, it is best to make as much of the interior of the plate white as possible. The plastic plate edges, and the remaining parts of the image, should be black.
Troubleshooting
If a module fails, an error message will appear. In addition to the user manual, CellProfiler has a forum (http://www.cellprofiler.org/forum) for posting questions and reporting problems, which is frequently monitored by the developers.
If your computer does not have adequate memory, you will receive an "Out of Memory" error. This can often be ameliorated by reducing the number of display windows shown during processing by selecting Window > Hide All Windows on Run from the main menu bar (see Basic Protocol, step 32).
Anticipated Results
Once the pipeline from the standard protocol is completed, the measurements will be saved in output files (comma-delimited spreadsheet files, if selected in Basic Protocol, step 28, or .mat or .h5, if selected in Basic Protocol, step 30). In addition, a processed image will be saved to the hard drive for each 
Time Considerations
Downloading and installing the software should take less than 10 min, and running the example pipeline only a few minutes more. Depending on how much your images differ from the examples, a day should be allotted to adjust the pipeline to your images and learn the basics of how to operate CellProfiler before proceeding to analyze all of your images. The setup time for an analysis is the same whether a handful or hundreds of thousands of images are processed. Tens of thousands of images can be routinely analyzed per experiment.
Once the pipeline has begun to cycle through your images, CellProfiler will run until all images are analyzed, at a rate of roughly one image per min. Version 2.1 of CellProfiler is optimized to take advantage of multiple processing cores, so the total analysis time will be reduced in proportion to the number of processors your computer has. After completing your first analysis on a set of your own images, it usually takes only 15 min to double check the settings on a few test images and begin running a new batch of images.
